Metabolic rate depression is a key survival strategy used by facultative anaerobes for enduring periods of environmental anoxia. In determining the molecular mechanisms of this phenomenon the role of enzyme binding to the subcellular particulate fraction was assessed in muscle tissues (ventricle and foot) of the anoxia tolerant marine gastropod, Busycotypus canaliculatum. Using two different methodologies for preparation, soluble versus particulate fractions of muscle were separated and assayed for their contents of eight glycolytic enzymes. Preparations from anoxic animals showed decreased percentages of enzymes associated with the particulate fraction as compared to controls; this was particularly pronounced for hexokinase and aldolase. A return to aerated seawater reversed this effect, and increased enzyme binding to the particulate fraction. The absence of a Pasteur effect in animal facultative anaerobes may be due, in part, to an anoxia-induced dissociation of enzymes from the particulate fraction of the cell promoting a decrease in glycolytic rate.
Introduction
Studies in recent years are providing increasing evidence for subcellular structuring of metabolic pathways and laying to rest the old concept of the cytoplasm as containing a random distribution Abbreviations: HK hexokinase; PFK phosphofructokinase; GPDH glycerol-3-phosphate dehydrogenase; PK pyruvate kinase; LDH lactate dehydrogenase; ADH alanopine dehydrogenase; ODH octopine dehydrogenase; ALl) aldolase; EDTA ethylenediamine tetraacetic acid; EGTA ethyleneglycol-bis-(2-amino ethylether)-N,N'-tetraacetic acid of all soluble enzymes and metabolites. A variety of studies have shown associations, apparently physiologically relevant, between many of the socalled 'soluble' enzymes of glycolysis and membrane fractions or structural proteins in the cell (Masters 1978; Knull 1978; Knull et al. 1980; Ross and Hultin 1980; Wilson et al. 1982) . The microcompartmentation of enzymes and metabolic pathways which can result from such associations could provide an effective mechanism of metabolic control due to the potential for a) effectively channeling substrates/products between consecutive enzymes, and b) altering enzyme kinetic properties due to conformational changes occurring during binding. Indeed Clarke et al. (1980 Clarke et al. ( , 1984 have demonstrated a reversible increase in the proportions of several glycolytic enzymes associated with the particulate fraction as a result of metabolic situations (tetanic stimulation, anoxia, ischaemia) in mammalian muscle which increase glycolytic rate. It has been suggested, therefore, that metabolic activation of glycolysis may be controlled not only by allosteric regulation and covalent modification of enzymes but also by altering the location of enzymes from the soluble to the particulate phase (Clarke et al. 1984; Walsh et al. 1981) .
Many marine invertebrates have an impressive capacity for withstanding days of enviromnental anoxia with energy demands met by a coupling of glycogen and amino acid fermentation and alternative end products (succinate, propionate, alanine, alanopine) accumulating instead of lactate (de Zwaan 1983; Hochachka and Somero 1984) . Key to long term survival is an ability to dramatically depress metabolic rate during anaerobiosis, anoxic metabolic rate being only 5-10% of aerobic rates (Famine et al. 1981) . No Pasteur effect is observed. Thus, despite a dependence on glycolysis for energy production, anaerobiosis produces no change in the percentage of glycogen phosphorylase in the a form and stimulates phosphorylation and inactivation of pyruvate kinase and phosphofructokinase (Ebberink and Salimans 1982; Storey 1984; Plaxton and Storey 1984a, b) . Widespread phosphorylation of other cellular proteins also apparently occurs (Plaxton and Storey 1984b) .
In the present study we have adapted methodologies described by Clarke et al. (1984) and Ross and Hultin (1980) to assess the role of glycolytic enzyme partitioning between soluble and particulate phases in the control of anaerobic metabolism in the anoxia tolerant gastropod, Busycotypus canaliculatum. Results demonstrate that long term anaerobiosis, with its concomitant metabolic depression, leads to a significant reduction in binding of several glycolytic enzymes in muscle tissues.
Materials and methods

Chemicals and animals
All biochemicals and coupling enzymes were purchased from Sigma Chemical Co. or Boehringer Mannheim. All amino acids were pure L-isomers. All buffers used were adjusted to their respective pH at 20 ~ Specimens of the channelled whelk, Busycotypus eanalieulatum, were purchased from the Marine Biological Laboratory, Woods Hole, MA. and held in recireulating seawater (1,000 mOsm) at 7-10 ~ without feeding until use. Control, aerobic animals were sampled directly from the sea water tank. To impose anoxia animals were placed in a large jar containing sea water at 7-10 ~ and nitrogen gas was continuously bubbled through the sea water for 21 h. One group of animals was allowed to recover from 21 h of anoxia by placing them back into the seawater tank for 2 h.
Enzyme assays
All enzyme assays were performed in duplicate at 20 ~ by monitoring NADH oxidation or NAD + reduction at 340 nm using a Gilford recording spectrophotometer. Enzymes were assayed using the following conditions: Hexokinase (HK): 50 mM Tris-HCl buffer (pH 8.0), I mM D-glucose, 1 mM ATP, 1.5 mM MgCI2, 1 mM NAD + and excess NAD+-dependent glucose-6-phosphate dehydrogenase; Phosphofructokinase (PFK) : 50 mM Tris-HC1 buffer (pH 8.0), 10 mM fructose-6-phosphate, 0.5 mM ATP, 5 mM MgC12, 50 mM KC1, 0.15 mM NADH and excess aldolase, triose phosphate isomerase and glycerol-3-phosphate dehydrogenase; Aldolase: 50 mM imidazole-HC1 buffer (pH7.0), 1 mM fructose-l,6-bisphosphate, 2 mM MgC12, 0.15 mM NADH and excess triose phosphate isomerase and glycerol-3-phosphate dehydrogenase; Glycerol-3-phosphate dehydrogenase (GPDH): 50raM imidazole-HC1 buffer (pH 7.0), 0.2raM dihydroxyacetone phosphate and 0.15 mM NADH; Pyruvate kinase (PK): 5 mM phosphoenolpyruvate, 2 mM ADP, 50 mM KC1, 5 mM MgC12, 0.15 mM NADH and excess lactate dehydrogenase. Standard assay conditions for lactate dehydrogenase (LDH) were 50 mM imidazole-HC1 buffer (pH7.0), 2mM pyruvate and 0:15raM NADH, with additions fo 4 mM L-arginine for octopine dehydrogenase (ODH), or 50 mM L-alanine for alanopine dehydrogenase (ADH). An LDH blank was subtracted from the ADH or ODH activities.
Measurement of enzyme binding to particulate fraction
(I) Method based on procedure of Clarke et al. (1984) . Foot muscle and ventricle tissues from aerobic, anoxic and recovery whelks were quickly dissected out and homogenized (1 : 4 w/v) at 0-4 ~ in 800 mM sucrose containing 10 mM 2-mercaptoethanol and 0.1 mM phenylmethylsulfonyl fluoride for 2 x 15 s (foot muscle) or 1 x 15 s (ventricle) using an Ultraturrax homogenizer at full speed. An aliquot (1.2 ml) of each homogenate was centrifuged for 5 min at 4 ~ in an Eppendorf microcentrifuge at 23,000 g. Following centrifugation the supernatant was removed and diluted with 4 vol of a stabilization buffer which contained 100raM potassium phosphate (pH 7.5), 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 0.1 mM fructose-l,6-bisphosphate, 0.1 mM ATP and 10 mM 2-mercaptoethanol. This diluted fraction was then stored on ice for later measurement of soluble enzyme activity. The pellet was twice extracted with 0.5 ml stabilization buffer by resuspension, vortexing and centrifugation. The combined extracts were stored on ice and the enzyme activity in this fraction taken to be a measure of the amount of bound enzyme. As a control, a further 0.3 ml of the homogenate was diluted with 4 vol of stabilization buffer and kept for measurement of total enzyme activity to check on recovery in supernatant and pellet fractions.
(II) Method based on procedure of Ross and Hultin (1980) . Ventricles from aerobic and anoxic whelks were quickly dissected out, blotted, cut into thin strips (approximately 120 mg) and centrifuged in a Beckman air driven microcentrifuge at 60,000 g for 22 h at room temperature. The cellular fluid forced from the tissue was removed and diluted with 20 vol of 50 mM imidazole-HC1 buffer (pH 7.5) containing 2 mM EDTA, 2 mM EGTA, 25 mM NaF, 15 mM 2-mercaptoethanol and 0.1 mM phenylmethylsulfonyl fluoride. This diluted fraction was stored on ice for later measurement of soluble enzyme activity. The residual tissue which pelleted during centrifugation was then homogenized (1/10 w/v) in the same buffer using a ground glass tissue homogenizer and centrifuged at 0-4 ~ for 20 min at 28,000 g. The supernatant obtained following centrifugation was stored on ice for later determination of total bound enzyme activity. As a control, a ventricle strip from the same animal was homogenized (1/20 w/v) and centrifuged as above. The 28,000 g supernatant was stored on ice and used for measurement of total enzyme activity to check on recovery of soluble and bound enzyme fractions.
Measurement of enzyme binding to glycogen particle
Glycogen particles were precipitated from ventricle homogenares prepared from aerobic and anoxic whelks using a procedure based on that of Lyon (1984) . Ventricles were quickly dissected out and frozen in liquid nitrogen. Frozen tissue was then homogenized (1//0 w/v) at -12 ~ in a medium which contained 60 mM glycerol-3-phosphate (pH 6.0), 30% propylene glycol, 0.3% glycogen, 20 mM KCI, 10 mM 2-mercaptoethanol, 5 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride using a teflon pestle in a 10 ml glass tube. An aliquot (5 ml) of the homogenate was centrifuged at 10,000 g for 5 rain at -12 ~ The supernatant was removed and diluted with an equal volume of the following stabilization medium: 60 mM glycerol-3-phosphate (pH 6.8), 180 mM KC1, 2 mM EDTA, 4 mM EGTA, 50 mM NaF, 0.2 mM ATP, 0.2 mM fructose-1,6-bisphosphate and 10 mM 2-mercaptoethanol. This diluted fraction was then stored on ice for later measurement of soluble enzyme activity. The pellet was extracted with 2.5 ml of 60 mM glycerol-3-phosphate (pH 6.8) containing 40% propylene glycol, 2% glycogen, 180 mM KC1, 2 mM EDTA and 10 mM W.C. Plaxton and K.B. Storey: Enzyme binding and glycolytic 2-mercaptoethanol. The pellet extract was then chilled to -12 ~ and centrifuged as above; the resulting supernatant was stored at -20 ~ for 1 h. This solution, containing precipitated glycogen, was then centrifuged at -20 ~ for 5 rain at 10,000g and the resulting glycogen pellet was dissolved in 0.5 ml stabilization medium and stored on ice for later assay of glycogen bound enzyme activity. As a control 0.5 ml of the original homogenate was diluted with 0.5 ml stabilization medium to provide measures of total enzyme activity in the homogenate to check against the recovery of activity in the soluble and glycogen pellet fractions.
Results Clarke et al. (1984) used homogenization in a sucrose medium to disrupt cells while leaving intact (hopefully) enzyme associations with particulate structures which are normally disrupted by homogenization at high dilution in the low ionic strength buffers usually used to extract soluble enzymes. In working with tissues of marine invertebrates we increased the sucrose concentration used in the homogenization to 800 mM (from 250 mM) to reflect the higher cellular osmolality in marine invertebrates which retain isosmolality with seawater. Sucrose at 800 mM is isosmotic and is standardly used for the preparation of intact mitochondria from marine invertebrates acclimated to full strength seawater. Initial tests were run to compare enzyme distribution between soluble and particulate fractions after tissue extraction in 250 versus 800 mM sucrose. For 6 enzymes tested sucrose concentration had no effect on the distribution. However, aldolase and PFK showed dramatic decreases in the percentage of bound enzyme in ventricles from both aerobic and anaerobic whelks when isolated in 250 mM sucrose. Binding of these enzymes, then, appears to be very sensitive to osmotic strength.
The partitioning of enzyme activity between soluble and particulate phases in whelk ventricle and foot was examined for 8 enzymes: hexokinase, phosphofructokinase, aldolase, glycerol-3-P dehydrogenase, pyruvate kinase and the three terminal dehydrogenases of glycolysis found in the whelk, lactate dehydrogenase, octopine dehydrogenase and alanopine dehydrogenase. Maximal (total) activities of these enzymes are given in Table 1 . Recovery of enzyme activity in all cases ranged between 90 and 105% when the sum of activity in the soluble and particulate fractions was compared to total activity measured in portions of the original homogenate diluted with stabilization buffer. The percentages of total activity in the particulate (bound) phase are shown in Fig. 1 for ventricle and Fig. 2 All values for the anoxic condition are significantly different from the corresponding aerobic or recovery values, P<0.05, using the Student's t-test, except for two recovery values denoted n.s. = not significant from aerated seawater), anoxic (animals exposed to 21 h of environmental anoxia) and recovery (21 h of anoxia stress followed by 2 h of metabolic recovery in aerated sea water). Figure 1 shows that in ventricle all 8 enzymes examined showed a significant reduction in the percentage associated with the particulate fraction as a result of anoxia stress. The effect was most dramatic for hexokinase, a decrease from 44.5% to 14% bound, and aldolase, a decrease from 41% to 11% bound. The percentage bound decreased by about one-half for the other enzymes. With the exception of LDH and ADH, all enzymes showed a significant increase in enzyme binding to the particulate fraction during the aerobic recovery period following anoxia. Three enzymes had re-established control levels of binding within the 2 h of aerobic recovery: PFK, GPDH and ODH. Fig. 2 shows the results of the equivalent experiment carried out using foot muscle of the whelk. Overall, the percentages of total enzyme activity associated with the particulate fraction were higher in foot muscle than in ventricle. Here again, however, anoxia significantly reduced the percentages of enzyme associated with the particulate fraction for 6 of the enzymes assayed although the effect was not as great as that seen for ventricle. The percentage bound decreased from 42.5% to 20.5% for aldolase; for other enzymes the decrease was about 1/4 to 1/3. PFK and HF showed a different behaviour, however, both showing an increase in the percentage of enzyme bound as a result of anoxia. The percentage of HK bound increased still further during metabolic recovery while PFK bound decreased somewhat. The other 6 enzymes all showed a reversal and increase in binding during aerobic recovery from anoxia, near control levels of binding being re-established in all cases. Ross and Hultin (1980) used high speed centrifugation of muscle strips to assess enzyme association with the particulate fraction of the cell. Soluble enzyme activity was exuded in the press juice forced out of the tissue by the 60,000 g centrifugation. Enzyme activity associated with particulate fractions of the cell, however, was retained within the tissue and later released by homogenization in dilute buffer. Strips of ventricle taken from aerobic versus 21 h anoxic whelks were subjected to this treatment and activities of 6 enzymes were measured in the press juice versus the remaining pressed muscle (Fig. 3) . Recovery of enzyme activity in this procedure ranged from 70 to 105% for the enzymes measured compared to total activities measured when tissue was immediately homogenized in dilute buffer. PFK was also assayed in this procedure but recovery of enzyme was less than 20% so reliability of the results were in question and data are not presented. Anoxia resulted in a significant decrease in the percentage of HK, aldolase and PK bound (i.e. more activity appeared in the press juice) although binding of the terminal glycolytic dehydrogenases was not affected.
The subcellular sites which are most often discussed with respect to binding of glycolytic enzymes are membranes (mitochondrial, erythrocyte), glycogen particles and myofibrils. Using the procedure of Lyon (1984) we prepared glycogen particles from ventricle homogenates and tested the association of the 8 enzymes with these particles. Although the procedure used resulted in recovery of 95-105% of the total enzyme activity (in soluble plus glycogen particle fractions), only very low percentages of enzyme activity (ranging from 2 to 7%) were associated with the glycogen particle fraction. These low percentages were found in both aerobic and anoxic ventricles with no significant differences in percentage bound to glycogen found for any of the enzymes when comparing aerobic and anoxic tissue (data not shown).
Discussion
Techniques used in the present study were designed to examine enzyme binding to the particulate fracw.c. Plaxton and K.B. Storey: Enzyme binding and glycolytic control 639 tion of the cell and to test the role of glycolytic enzyme binding in the metabolic transition between aerobic and anoxic states in an animal facultative anaerobe. The techniques of Clarke et al. (1984) and Ross and Hultin (1980) differ in principle but are both designed to estimate enzyme partitioning between soluble and particulate fractions. The technique of Clarke et al. (1984) has the advantages of very rapid preparation of soluble and particulate fractions and the recovery of a high percentage of total enzyme but does result in dilution of cellular contents during tissue preparation. Such a dilution could seriously affect the ratio of soluble to particulate enzyme activity for some enzymes if the osmotic and ionic conditions of the cell are greatly perturbed (as when 250 mM sucrose was used instead of 800 mM). The technique of Ross and Hultin (1980) results in no dilution during the time that the soluble fraction is being extracted and produces higher estimates overall for the percentages of enzymes in a bound state. However, it suffers from the extremely long preparation time required during which the tissue is in a nonphysiological state with a high potential for enzyme inactivation by proteolysis. This technique produced uniformly lower yields of enzyme and for some enzymes (e.g. PFK) this was unacceptable.
Both techniques, however, clearly demonstrated that environmental anoxia stimulates a decrease in the percentage of glycolytic enzymes associated with the particulate fraction in ventricle. Hexokinase and aldolase were particularly affected in both cases. The effect was reversed and binding was increased when anoxic animals were returned to aerobic water and allowed to recover. The same reversible decline in the percentage of enzyme associated with the particulate fraction was also found for whelk foot muscle as a result of anaerobiosis, assayed using the method of Clarke et al. (1984) ; here, however, two enzymes (HK and PFK) were oppositely affected by anoxia and increased in percentage bound. Thus, one of the ways in which glycolytic rate could be regulated during anaerobiosis in marine molluscs may be by altering the partitioning of enzymes between the soluble and bound states. At first glance these results appear to be the opposite to those found for mammalian tissues. When mammalian muscle must rely on glycolytic energy production alone (e.g. tetanic stimulation of skeletal muscle (Walsh et al. 1981) , anoxic and ischaemic work in heart (Clark et al. 1984) ) the percentages of glycolytic enzymes associated with the particulate fraction increase. However, these are situations of greatly increased glycolytic rate necessitated by the requirement for glycolytic flux alone to meet the full demands for energy in a working muscle. The situation during environmental anaerobiosis in marine invertebrates is quite the opposite. Despite a reliance on glycolysis (and the associated pathway of succinate synthesis) for providing the ATP requirements of tissue metabolism (5 mol ATP formed per mol glucose-l-P converted to succinate versus the normal 38 tool ATP per mol glucose-l-P fully oxidized), glycolytic rate probably decreases. The key survival strategy of marine invertebrate facultative anaerobes is the radical depression of whole animal metabolic rate to levels of only 5-10% of that of the aerobic animal (Famme et al. 1981) . This results partly from a cessation of activities (feeding, movement, pumping water over gills) and partly from a specific reduction in animal functions (ventricle, for example shows a pronounced bradycardia) and metabolism. Despite its energy producing role, glycolysis also appears to be depressed during anaerobiosis: phosphorylation of key enzymes (PK, PFK) occurs leading to less active enzymes (Storey 1984; Plaxton and Storey 1984a) , glycogen phosphorylase activity is not activated (Ebberink and Salimans 1982) , and levels of the key allosteric activator of PFK, fructose-2,6-P2, are depressed in soft tissues (Storey 1985) . The decreased binding of glycolytic enzymes to the particulate fraction of the cell is fully in line with a decrease in metabolic rate during environmental anoxia. Both molluscan and mammalian systems, then, appear to use enzyme partitioning between soluble and particulate phases as an effective method of metabolic control. The common denominator in both systems is a decrease in binding when glycolytic flux is reduced and an increase in binding when flux is increased.
The site of glycolytic enzyme binding in whelk muscles is not yet known. However our present investigation has ruled out glycogen particles as significant enzyme binding sites since no more than 7% of total enzyme activity of any of the 8 enzymes measured was associated with glycogen and no changes in the enzyme content of the particles occurred as a result of anoxia. As in mammalian muscle systems, it is quite probable that the major site of glycolytic enzyme binding may be the muscle myofibril proteins, F-actin as well as tropomyosin and troponin (Walsh et al. ~980; Bronstein and Knull 1981 ; Westrin and Backman 1983) . In addition to the close proximity of consecutive enzymes which would be brought about by binding, the binding of glycolytic enzymes (aldolase) to F-actin is known to alter kinetic properties via effects on enzyme conformation. The molecular mechanisms which determine the extent of enzyme binding in vivo are also not fully understood. Changes in ionic/osmotic strength obviously influence binding. Binding of enzymes in vitro is influenced by concentrations of substrate, products and metabolite effectors (Arnold and Pette 1970; Clarke et al. 1984) . pH influences aldolase binding to myofibrils, binding increasing as pH decreases (Clarke et al. 1984) ; typically pH of muscles declines during periods of high glycolytic flux (due to lactate and CO2 buildup). However 31P-nuclear magnetic resonance studies of perfused whelk ventricle have shown a 0.3 unit drop in pH after 6 h of anoxia while enzyme binding also decreases, pH and enzyme binding are therefore oppositely correlated in this system. Another possible influence on enzyme binding is the phosphorylation state of enzymes; covalent modification brings about conformation changes which alter kinetic properties and which may alter enzyme binding capabilities.
